The heat flux of the HL-2M divertor would reach 10 MW m −2 or more at the local area when the device operates at high parameters. Subcooled boiling could occur at high thermal load, which would be simulated based on the homogeneous equilibrium model. The results show that the current design of the HL-2M divertor could withstand the local heat flux 10 MW m −2 at a plasma pulse duration of 5 s, inlet coolant pressure of 1.5 MPa and flow velocity of 4 m s . The pulse duration that the HL-2M divertor could withstand is closely related to the coolant velocity. In addition, at the time of 2 min after plasma discharge, the flow velocity decreased from 4 m s −1 to 1 m s
Introduction
The divertor is one of the core components of tokamak devices, which is mainly used to exhaust heat, remove ash, control impurities, reduce corrosion of the first wall material and maintain H-mode operation in the fusion reactor. Currently, tokamak divertors are mainly water-cooled [1] [2] [3] and He-cooled [4, 5] . The HL-2M device is designed to operate with high parameters [6, 7] and water is employed as the cooling medium.
According to the different goals of the experimental operating parameters, there are three stages of the HL-2M divertor design. Stainless steel 316L, carbon fibre composites (CFCs) and tungsten are employed as the plasma-facing materials of the divertor for the three different stages. And the thermal load that the divertor would withstand increases gradually.
In this paper, the second stage of the divertor is studied. The design goal is to withstand a maximum heat flux of about 10 MW m −2 with a width of 20 mm in the poloidal direction. This thermal load may lead to cooling water vaporization during plasma operation. If the cooling water in the target were to reach film boiling and heat load maintained, the divertor plate would be damaged. Therefore, in order to ensure the safety of the divertor during HL-2M device operation, thermal-hydraulic analysis of the HL-2M divertor needs to be done based on the homogeneous equilibrium model. These results could provide a reference for HL-2M divertor design and experiment operation.
Homogeneous equilibrium mathematical model and validation
The homogeneous equilibrium model (HEM) is a simplified multiphase flow model. It can be used to model homogeneous multiphase flows with very strong coupling and phases moving at the same velocity [8] . HEM includes continuity, momentum and energy for the mixture, and the volume fraction equation for the secondary phases.
Continuity equation:
where v m  is the mass-averaged velocity: v v
and m r is the mixture density: m l l r a r = + . g g a r Subscript m represents the mixture term; l represents liquid water; g represents vapour; k a is the volume fraction of phase k (k = l or g).
Momentum equation:
where F  is a body force, and m m is the viscosity of the mixture, ,
Energy equation:
where K eff is the effective conductivity.
where h k is the sensible enthalpy for phase k. S E includes any other volumetric heat source. Volume fraction equation for the secondary phases:
where m l g  and m g l  are source terms due to mass transfer between the liquid water and vapour.
The simulation results of the tokamak divertor using HEM are in good agreement with the experiment results [9, 10] , with maximum error of 10% and most of the result errors within 5%, as shown in figures 1 and 2.
3. Thermal-hydraulic analysis for the HL-2M divertor
HL-2M divertor model
The HL-2M divertor contains an upper divertor and the lower divertor, which are symmetrical. The upper one is designed as an advanced divertor, the other is a conventional one. In this paper, the former is employed as the study object. A modular design method is adopted to design the HL-2M divertor. The whole upper divertor has 80 modules. Figure 3 shows one of the modules and the cooling circuit.
The main components of each divertor module are composed of a CFC block, CuCrZr heat sink plate, tubes, cassette, supports, bolts, etc. In the heat sink, there are cooling channels with a diameter of 9 mm. According to the position of the target plates, one divertor module has three parts: inner target, lower target and outer target. The cooling circuit of one divertor module flows through the outer target, the inner target and lower target successively. The cooling water inlet/outlet are shown in figure 3 . For thermal-hydraulic analysis, some detailed components could be ignored, such as the bolts, support, etc. Figure 4 is the simplified simulation model for analysis. , CuCrZr and stainless steel 316L. These material properties could be found in ITER documents [11] . The cooling water uses the IAPWS IF97 [8] which is from the CFX software material library.
3.2.2. Boundary conditions. Heat source distributions are provided by the HL-2M physical team, as shown in figure 5 . The peak heat flux is 10 MW m −2 , and the width is 20 mm in the poloidal direction. The total heat power of the upper divertor is about 16 MW, and the pulse duration is 5 s. After device discharge, it would take 15 min to cool the divertor to the initial temperature.
The other boundary conditions are shown in table 1. Boiling phenomena only occur in the inner target cooling channel, starting at 3.2 s and ending at 7.1 s. At the beginning of vaporization, the vapour mass fraction increases rapidly, then remains in a stable fluctuation process during the period of about 2.5 s and reaches its maximum value at 5 s, as shown in figure 6 . The vapour mass fraction of stationary fluctuations is in the subcooled boiling stage. Bubble movement can lead to a rise in the turbulence intensity of the cooling water near the fluid-solid interface, and the convection heat transfer coefficient of the fluid-solid interface 
Heat flux
Shown in figure 5 , pulse duration 5 s 4. Wall Adiabatic increases. Therefore, the cooling water vaporization growth rate during this stage is relatively lower at the beginning of vaporization. Figure 7 is the pressure variation curve at the monitor point of vaporization. The coolant channel pressure increases slightly in the vaporization process, but the variation of the pressure value is less than 1%. Figure 8 shows the vapour mass fraction contour of the HL-2M divertor under the local area at 5 s. The vaporization of the left and the right coolant are serious, but the others are hardly vapourized. The main cause of this phenomenon is that the middle channels are located in the channel confluence and diversion situation, which leads to greater turbulence intensity. However, the left and the right channels are straight, and the turbulent kinetic energy is relatively small. Therefore, we could take some measures, such as adding a spoiler, etc, to increase the turbulence intensity for reducing the vaporization rate of the cooling water. Figure 8 only shows vaporization on the coolant surface. Next, the vaporization distribution of the coolant is analyzed in cross-section. And the cross-section is located in the area of the most serious vaporization, as shown in figure 9 .
Firstly, the heat source is one-sided for the HL-2M divertor. The ring around of the coolant would not take the same thermal load away, and the vaporization levels are not uniform, as shown in figure 10 . For 0 o < θ < 90°, the vapour mass fraction rises with the increase of the angle θ. However, for 90°< θ < 180°, the trend of vapour mass fraction is the opposite. For 180°< θ < 360°, there is almost no vaporization. For the +X axis, 0-2.5 mm, there is no vapour. And from 2.5 mm to the cooling channel wall, there is very small vapour appearance due to this axis far from the heat source, as shown in figure 11 .
For the +Y axis, the maximum vapour mass fraction appears near the cooling channel wall, and from 3.7 mm to 4.5 mm, the vapour mass fraction increases linearly, due to being closer to the heat source with greater Y value, as show in figure 12 .
Considering the safety of the HL-2M divertor, the vaporization level could be reflected through the temperature of each component, and the temperature of each component must be less than the limited value of the material used. The limited temperature of CFC material is expected to be about 1200°C, and the CuCrZr limited temperature is about 500°C [12] . Figure 13 shows that the maximum temperature point of a CFC block changes with the device operation time. The CFC block of each target reaches its maximum temperature at the time of 5 s. The temperature of the inner target is highest, about 1150°C. And the temperature of the outer target is lowest. Figure 14 shows that the maximum temperature point of a CuCrZr plate changes with the device operation time. The distribution law is similar to the CFC block and the maximum value of the CuCrZr plate is nearly 500°C, located at the inner target.
As cooling time increases, the temperature of the lower target becomes the highest. The main reason is that the lower target plate channel is the final pass of the whole circuit, and the temperature of coolant in the lower target is relatively higher. Figure 15 shows a temperature contour of a cross-section of the CFC block and CuCrZr plate under the maximum heat flux area. The temperature variation of the inner target plate along the different directions and the temperature gradient size of each component of the HL-2M divertor can be seen.
Withstanding maximum pulse duration for the HL-2M
divertor. The temperature of the CFC block and CuCrZr plate, important parameters to judge whether it meets the thermal-hydraulic design requirements, is closely related to the severity of vaporization. If the temperature of each component is below the material limited value, the thermalhydraulic design of the HL-2M divertor is deemed to be reasonable. Therefore, the following analysis will focus on the temperature of the HL-2M divertor components, especially the inner target.
A combination of figures 16 and 17 shows that the smaller the coolant velocity is, the less the HL-2M divertor could withstand the maximum pulse duration. When the coolant velocity reaches 10 m s −1 , the divertor could withstand at least 10 s pulse duration. However, the pulse duration could be maintained for about 5 s at the velocity of 4 m s −1 .
These figures provide a reference for the HL-2M divertor design and experimental operation in the future.
3.3.3. Effect of changeable velocity on the cooling of the divertor. From figures 13 and 14, we can see that the temperatures of the CFC block and CuCrZr plate decrease quickly after discharge. Therefore, under the premise of not affecting the cooling effect, the operation cost could be reduced by optimizing the cooling scheme during the nondischarge stage. Figures 18 and 19 show the case where the coolant velocity changes from 4 m s −1 to 1 m s −1 when the time is 2 min, and the total pulse duration is 5 s. Before the next discharge commences, all the components of the HL-2M divertor have been cooled to the initial temperature.
Conclusions
The prediction of phase distribution in subcooled flow boiling is significant for accurate thermal design and safety analysis of the HL-2M divertor. Based on the homogeneous equilibrium model, the thermal-hydraulic analysis of the HL-2M divertor has been done.
The results indicate that a satisfactory thermal-hydraulic design of the HL-2M divertor can be achieved. A flow velocity of 4 m s −1 and inlet pressure of 1.5 MPa are adequate for the HL-2M divertor during normal plasma operation.
Secondly, the flow velocity is one of the important factors that affect the pulse duration for the HL-2M divertor. Namely, the bigger the flow velocity is, the longer the HL-2M divertor can withstand the pulse duration. Optimizing the cooling scheme, divertor operation cost can be reduced.
